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T SYSraMF0R COMPENSATING FOR COUPLING BETWEEN 
CIRCUITS OF QUADED CABLE IN A TELECOMMUNICATION TRANSMISSION 

SYSTEM 

TECHNIC A! . FTPT n 

5 This invention relates to methods and systems for compensating for couL. 

between c.rcu.ts of quaded cable and. in particular, to methods and systems for 4 ! " 
. compensating for coupling between such circuits in a telecommunication transmission 
system. 

BACKGROUND OF THE INVENTION 
10 Almost ail North American telephone loop wire pair cable is multipair cable 

These transrrusston circuits are formed by individually tw iste d pairs of copper wires that 
are stranded together. In contrast, much of the European and Asian cable plant is 
confuted of quaded cable or circuits. Some building cables in North America are also 
quaded. The elemental units in these cables are quads which are four insulated 
15 conductors or wires twisted together. The advantage of quading is that more circuits can 

IT T° Cr0S5 - S£Cti0nal "* 0f " blc - disadvantage comes from the 

fact t hat ^ q d geornetricaJly uns[abl£ apzc . anca beiwegn cq 

in the quad are difficult to control. These factors lead to poorer crosstalk performance 
between circuits in thc same quad. 

20 Quaded cable can be made in two different configurations. In multiple twin " 

quad the two pa ,rs that constitute the quad are individually twisted and then stranded 
together to effectively form a two- pair sufc _ uni , In sta , quade£j ^ ^ ^ 
conductors are twisted together. Most quaded cable is star-quaded. The cross-section of 
a typ.ca star-quad „ illustrated in FIG. 1A. which shows the four conductors. 1-4 
surrounded by insulating sheathings 5-8. respectively. The natural modes of propagation 

SUf - qUad ~ ° bvi ° US f ™ V™™y *** quid, a^ are 
1 rated » PIGS. IB. IC. ID and ,E. where in each of these figure Luting 

sheathings are not shown for improved clarity. 

In an ideal star-quad. the two balanced pair modes, illustrated in FIGS. IB and 
IC do not couple to each other because of the symmetry and opposite polarities of ,w 0 
opposue conductors of the quad. The balanced pair modes are frequently referred to as 
side crcuns. a terminology descended from the use of multiple twin quad. In side 
ctrcua one. a first signal is impressed positively and negatively between conductors 1 and 
3. respec .ve* and » side circuit two> , second ^ . $ 

35 negat.ve y between conductors 4 and 2. respectively. Besides the balanced pair modes 
one could use the phantom cireuit of the balanced pair modes as shown in FIG. ID to ' 
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transmit a third signal. In the phantom circuit, the third signal is impressed "on-top" of 
•he signals on side circuits one and two. positively and negatively between conductors 1 
and 3 together, and conductors 2 and 4 together, respectively. An additional mode of 
tninsm.ssion, the ground mode, is shown in FIG. IE. In this mode a signal is positively 
5 .mpressed on top of all other si gna ls between all four conductors together and an external 
ground. This mode is not used for transmission because of strong coupling to ground 
modes in other conductors within the same cable. 

The polarities of the voltages on the four conductors guarantees that there 
would be no coupling between the phantom mode and the side circuits in a perfectly 
10 constructed star-quad. Thus, in such a quad, one would get three transmission circuits 
with four conductors. As far as coupling between quads is concerned, coupling between 
Side circuit. ,» different quads would be like dipole-dipo.e coupling as it is in multipoir 
cables. Couphng between phantom circuits would be quadripole-quadripole couplin- 
which is generally looser than dipole-dipole coupling. 
15 Unfortunately, it is essentially impossible to achieve the precision and stability 

of the quad structure to take advantage of the mode structure. The mechanical instability 
of the quad structure leads to coupling between circuits in the same quad. At high 
frequences the coupling or cross-talk between conductors can be a. unacceptable levels 
The far end coupling, the coupling at the receive end of the cable, generated by the signal 
-0 mduced at the transmitted end. increases by 20 dB per decade. Further, the near end 
couphng induced on the transmitter by the transmitted signals increases by 15 dB per 
decade. ^ ^ 

Consequently, phantom circuits are never used and side circuits in quaded 
cable have a shorter range than twisted pairs at the higher frequencies used in modem 
25 services, such as Basic Rate ISDN. 

SUMMARY OF THE INVEMTtom 

• An object of the present invention is to provide a method and system for 
compensating for coupling between the circuits of a quad, such as a star-quad, so that all 

50 them. C,rCUUS °" SUCh 3 qU2d ^ bC USCd " Sentia " y 00 n0,iCMb,C C0U P ,in * b «*«" 

In accordance with the prescnt.invention the coupling between circuits in a 
quad is mitially determined in a training period by transmitting se,s of known signals on 
the 9-ded cable and measuring the signals received by a receiver at the opposite end of 
the cable By transmitting signals on one circuit one at a time during the training period 
he couphng from one circuit to another is measured at the receiver and a coupling matrix 
between transmuting and receiving end circuits is calculated. The inverse of this 
coupling matrix is then used as an operator on the received signals, to estimate the 
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BRIEF DESCRIPTION op t he DRA ^ 

FIG. 1 A is a cnw-secriooal view of a typical star-quad- 
wherein co^ 7 7 T'^^ VieW 0f sidc one in such a srar- qua d 

« 2 ^ 4 ^ " ^ "* ' - 3 « + l J. -1 voi, 

CTr TTN . . " at " J ^ d +1 v °lts. respectively 

30 statistical data. * S C0Uphng v ^°ns in response to 
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DETAILED DESCRIPTION 

With reference to FIG. 2, one end of a quad 200 shows the four conductors 1 
2. 3 and 4 At the transmitting end of the quad, three signals. (S, ), i = 1-3. are shown 
coupied through the primary and secondary windings of a coil to the two side circuits and 
to the phantom circuit. Thus, the first signaJ, S, . is coupled through coil 201 to side 
circuit one across conductors 1 and 3; the second signal. S 2> is coupled through coil 202 
to s, c circuit two across conductors 2 and 4; and the third signal. S 3 . is coupled through 
coil 203 to the center taps of the secondary windings of coils 201 and 202 to the phantom 
c.rcu.t between conductors 1 and 3. together, and 2 and 4, together. By couplin- the 
secondary winding of 203 to the center taps of the secondary windings of coils 2°0. and 
202. the effects of the side circuit voltages are filtered, thus impressing S 3 "on top" of the 
signals on each of the side circuits. 

At the receiving end. a configuration identical to that shown in FIG. 2 is used 
«o couple the transmitted signals from the quad to a receiver (not shown). Thus « the 
rece.v.ng end. three signals, (r , , , i= , - 3 . are coupled from the quad from the first side 
cucu.1. the second side circuit and the phantom circuit, respectively, as shown in FIG 2 
Because of the coupling between circuits, the received signals, (r, }. are not equal to the 
transmuted signals. {Sj ). By measuring the coupling between circuits in accordance 
w„h the method and apparatus of the present invention, however, it is possible to 
20 compensate for the effects of this coupling between circuits. Thus, by "operating" on the 
—d signal. {r , ,. so as to remove the effects of cross-coupling between circuits 
esumates of the transmitted signals. {S, }. can be calculated that are close to the actual 
"ansmmed s.gnals. (S,- ). All three circuits can therefore be used for transmission 

•>5 « w „ 'k f ° u 1,0WinS " Cti ° nS ^ Charac,cristic «°™ a l star quads are described 
-5 as well as the mathematical derivation of the method of the present invention for 

adapt, quad terminations to minimize coupling. The method of the present invention 
for startup usmg a transmitted training sequence and for then tracking coupling over time 
using statistical data are then presented. ° 
Characteristi cs of Nominal Star Quads 

of ,h !f V Star " qUad 1,33 f ° Ur COnduct0 *- the transfer matrix from one end 

of the quad (x=0) to the other (x=l ) is a four by four matrix: 



30 



Ml) 

v«(l) 



fl U a i: a is a M 
a 2i a 2 2 a 23 a 24 
a 31 a 32 a 33 a M 
, a «I a 42 a 43 a 44 



v l(0) 
V 2 (0) 
Vj(0) 
v 4 (0) 



(1) 
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Th« vota,* i„ ,,, m „ ilh respcc , „ , putJ ,. ve remoK 



a i,(i+n)n,od(4) = a k . (k+n)lnod(<J) ; al ) k 

Consequently, equation (1) may bc written in the form: 



(2) 



vid) 
v 2 d) 
v 3 (l) 
v 4 (D 



a b c b 
babe 
c b a b 
b c b a 



v t (0) 
v 2 (0) 
v 3 (0) 

V4(0) 



(3) 



The natura! modes or eigenvectors, of any uniform transmission line are those 

■ « r^^T*. h * conduTOrs w ° " d f ° ur - srou " d - •* «— « 

h, ° The otto eta* ha! conducII)rs one 

£ tee « ^ wilh , wo ind four 0»c 

20 T1 »"S"'v.iue S ofbo,l,of,he s i de d rel ,i tm od«si !a -c. 

• The ph„ I0m c irc u iu Thi s mode hasthefourco „ dlJclorvol . 
•l.respo:,„ely.Thc e i S ei,vaI U cfo,,hi !mod£i!a . 2l , + c . •'.+!.. 



Adapting Quad Termination. Tn M; nimize Coup lini , 
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Real quads are never nominal, but differ slightly from the nominal 
configurates as mentioned above. Thus, the side and phantom circuits of the quad will 
all be coupled loosely. The method and system of the present invention can be used .0 
minimize the coupling between the modes. 
5 For example, the normalized eigenvectors (mode vectors) of the nominal quad 

may be called {e ( J. Then, the transmitted voltage vector. i.e. the array of conductor 
voltages at the transmitter can be written in the form: 

V4 = i S,e; mi 

i c 1 ( 4 ) 

where the fS, ) are the information voltages transmitted on the separate modes- c S, 1 
10 ,s the mformation transmitted on side circuit l. etc. If transmission effects are equalized 
equation (4) a | so rcpresent5 the rece j vcd voha?e ^ ^ ^ ^ ^ 

.ransnmsion, which we may ignore for the purposes of our discussion. The ground mode 
,s never used because ground modes in the same cable strongly couple to each other 
Consequently^ = 0. Of course, if the ground mode is not used, one of the S; would 
15 be zero. It .s assumed, in writing equation (4). that the transmission effects have been 
equalled. 

To extract the i* data value (S.) from the received vector, one can use the 
orthogonality of the normalized eigenvectors: 



(5) 



20 where 



(6) 

is the transpose of e | 

Of course, when the quad is not nominal, what is received is not S, but r 

given by 

i -1 ('J 

where the C, are unknown coupling constants. Since the ground mode is never 
transmitted, we may assume that S 4 = 0 as indicated above. Also, the ground mode 
output < r ,). will not be measured. This converts equati „ (7) into a set of three 
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equations in three unknowns the f£ - 1 for ; _ t •> -a • . . 

form as follows: ' ' ' I>2 ' 3 ' Wh ' Ch ™ y ^ W ™ n in ma ** 



form as follows 
r = CS 



(S)< 



with obvious definitions f or r . C and S. Of course, r and S arc now 3-vectors and 4 is a 
three by three matrix. One of the problems of an adaptive receiver for a quad is I 
elating the matrix C from measurements of r and a knowledge of the proper^ of S 

When the coupling is relatively loose, which is almost always the case the 
diagond elements in the coupling matrix, i.e., the C H , are close to one and the off. 
diagonal elements are (C.-i for dose m i„ 

iur i^jj close to zero. In this case, one may advantageously 
write eauation m in th^fnrm. 5 



1 0 write equation (7) in the form 
r = (E + B) S 



(9) 



15 



where E is a unit matrix (each diagonal element is equal to one and each off-diagonal 
e ement ,s equal to zero) and B is a small matrix in the sense that it substantially reduces 
the magnitude of any vector that it operates on. 

If 006 Ihe Toss-covariance of r and S. one could determine B and use 
ih s knowledge to caned intermodal coupling. To see this., take the outer product of both 
sides of equation (8) with and take expected values to get: 

<rS T > = ( E + B)<SS T > ( 

which could be solved for B if ,< r S ^ were known (where the brackets indicatc 

o r and S . However, S is never known at the receiver unless a known sequence is beta- 
t— for training purposes so that < r > cannot be obtained. However e n ' 

of both s,des of equwon (8) with r T and take expectations to get : 

<r r T > = (£ + B) <S r T > (] 
orequivalently, 

<rr T > = <rS T >(E + B T )(i2 (12) 
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Combining equations (9) and (H) then yields: 

<rr T > = (E + B) <S S T >(£ + B T ) ( , 3) 
This equation may be written in the form: 

<rrV-< SS T >=B<SS T > + <ssT>BT + B<ssr>BT ^ 

5 If this equation could be solved for B one would know the cable matrix C and would be 
abk to make error free determination of the transmitted signal vectors. An approximate 
solution forequauon (13) is easy to obtain. The clue to this is to note that, since B is 

the last term on the right in equation (13) is of second order in small quantities and 
n>ay be neglected in obtaining an approximation, B 0 for B. Thus. B„ is a solution of: 

<rr T > - <SS T > = B 0 <SS T > + <SS T >Bj (15) 
and may hence be solved by standard methods. 

^ eerTOr ' (B -- B o)-t'«-«nBa n ditsapp ro ximant.Bo.isof S econdorderin 
small quantu.es. To see this, equation (4) is subtracted from equation (13) to obtain: 



( Bo - B) <S S T > + < S S T >(B 0 r - B T ) = B <S S T > B T 



(16) 



oZ r Sn °: S ^ ,0rSingU ^ and ^ ri ^ S idcofe q uation(15)isofsecond 
order m small quantttics. so is (B 0 -B). Hence, B 0 is a good approximation to B 

If we use B 0 to obtain an estimate. S. of the transmitted signal vector, one has: 
r = (E+B 0 )S 

(16A) 

or. since B 0 is small, 
S = (E-B 0 )r 

(17) 

which is good to first order as a solution of equation (16). In a similar way. one could 



S = (E-B)r 

(18) 
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Subtracting equation (17) from equation (18) one gets: 
S - 5 = (B 0 -B)r 



(19) 



Since it has been shown that (B 0 -B) is of second order in small quantities, equation 
•(19) shows that the error in S is of the second order in small quantities 

If the first order estimate B 0 needs to be improved, successively better 
can be obtained by convening equation (13 , imo an iteration cqua[ion 
whtch uses an earher estimate for B in the second order term on the extreme right in 
equate (13) to obtain a closer approximation. Thus, one may write: 



<r r T > 



B n <S S T > + <S S T > B, 

If one sets B_, = 0. setting n=0 in equation (20) yields equation (14) 
Startup and Tracking With a Training ^..^ 

by use of £T ^ t0 SUnUP 3daPt rCCeiVCr W Ch2n8inS <^ d ^—eristics is 
vectors S and then measunng the i«uItin B received vectors r at the receive, This wi„ 

omtr ^ T bCMUSC ^ ° f ChanSC «** Ch ~« wi„ be w 

compared to the data rate of the i nformaiion Deing ^ Thc Qf 

known sequences is so that the coupling matrix. C. can be determined anhe receil cr 
wh*h can then »ven the coupling matrix and a PP ,y , he inverse to cquatio „ ^ 
20 *e transmuted s.gnal vector. S. is data rather than a known gaining vector Thi w ou d 
convert equation (8) to: 



(21) 



« a Wn sequence of three linearly independent signal vectors. In P raaic7 

2 qUCnCK ^ ^ 10 ° VerCOmC UnCCrtainti " in *» «-ed by 

transmission no,se and equipment imprecision. 

A panicularly convenient set of three known signal vectors to use are the three 
modevectors.whichwewilIcj.il/cJi tv 

values of th. v „ ( } " COm P onents of anv *S<«I vector are the 

30 colT T tranSnUttCd ° n " Ch ° f thC thrce " U3d mod « « «** to 
hTco " ( ^ The,rai ^ — (S^lhavccomponentsS, = l M d t hc 
othercomponents equal to zero. Sk =0. k ,j. Consequently the components of the 
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corresponding received vectors are the column, of the coupling matrix. E. g .. when S' is 
sent, the components of the received vector, r'. are ( Cjl Since the coupling matrix is 
a three by three matnx. i, is casiIy inverlcd using ^ ^ ^ 

A known transmitted sequence can be used at stanup before any data is 
transmitted. It may also be used to track the changing coupling matrix durin* 
commumcation by inserting short known training sequences into the tranced 
sequence at prearranged intervals, me procedure outlined above for adaptin* th- 
recover during startup or in tracking quad transmission characteristic change! is 
formalized m the following algorithm: 

• 1. At the transmitter, set Si = landS, - $ - n a..u 

1 1 ana * 2 - 6 3 - 0. At the receiver, measure the 
output vector r = rr ii C,, r \T c , L - 

2] ,C 31 ) . Store this data at the receiver. 

• 2. Atthe transmitter.*^ = l an d Sj = S 3 = 0. At the reaver, measure the 
output vector r = (C I2 ,C 22 ,C 32 )T Store this data at the receiver 

• 3. At the transmitter, set S 3 = landS, = S 2 = 0. At the receiver, measure the 
output vector r = (C^C^C^. Store this data at the receiver 

' "7 7 peat Sleps 2 ^ 3 scvcral in a - 

mitigate against the effects of the noise. 

• 4. At the receiver, invert the matrix of C 



10 



15 



.5. Start data transmission. Apply the inverse of the coupling matrix. C-, to the ■ 
20 received node ampHcude vectors, r. to eliminate coupUng between the m ^ 

• For tracking changes in the coupling characteristics, it is necessary to inject training 
penods tnthedatastream. This can be done in intervals where 2 pS ,-5 U 
repeated, or it can be done by transmitting known signal vectors at prescribed 
intervals, as indicated in the following steps. 

25 ' After N dau symbols are 

rans^o, Upon reception q{ ^ ^ ^ ^ 

eccved data stored in the receiver corresponding to the Emission of S > . Using 
the new stored data, update the value of C " ' and resume data reception. 

w«hS transmuted .nstead of S«. Then, after transmitting another N data symbols ' 
repeat step 6 with S 3 transmitted instead of S 1 . 
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• 8. Return to step 6. 



. In this way. by a judicious choice of N, which depends on line conditions, chan-es in 
coupling between modes can be tracked. ' ° 

Tracking Usinpf Sutistical Data 

5 In some situations it may be undesirable to track coupling variations by using 

known transmuted sequences. In these cases, it is still preferable to startup using known 
traimng sequences. However, after data transmission is started, the receiver is adapted 
using the methods described hereinabove in the section entitled "Adapting Quad 

i o iizr 1 " To Mininii2c coup,in8 "" ™ s ^ detai,s an ^ ^ *>* 

. 1. Sunup using the procedure outlined in the above algorithm using a training 
sequence to determine an initial coupling matrix and its inverse. 

. 2. Stan data transmission. For the first N received data vectors, use the initial 
- estate of the eoup] ing ma ,rix to determine estimates of the transmitted data Store ' 
15 the sequence of received vectors (called r („). where » indicates the position 

sequence). Also store the values of the corresponding data vector estimates. S(n) as 
detenruned by using the inverse of the coupling matrix calculated in step 1. 

• 3. Form the products r(n) r T (n) and S(n)S T {n) and store them. 

. 4. After N data symbols have been received estimate the eovariancc matrices of 
•u received and transmitted data vectors as follows: 

= N| r(n)rT(n) (22) 

<ss T >4|s ( „)s T ( n) (23) 

. 5. After step 4 is complete, use equation (15) and the results of equations (22) and 
(23) to make an estimate. B 0 N . of the matrix B 0 . B 0 N « a three by three matrix with 
' mne unknowns. Nine separate equations can be derived from the matrix equation 
(15). one equation per each element in the three by three matrix on each side of the 
= sign. The mne unknowns can be readily determined from these nine equations 
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. 6. Use equation (17) to calculate the estimate of the (Nfl)st transmitted data vector. 

. 7. As each new received vector arrives, replace the oldest data in the storage with the 
. newest data and repeat steps 3 through 6 for the updated data, thus continuously 
updating the esumate of B 0 . As the estimate of B„ is continuously update, the 
mathematical mechanism for estimating the transmitted data vector from the received 
data vector is updated. 

The process described above is particularly useful on a rapidly changing 
channel. On a moderately changing channel, which is the more likely typical quad 
situation, step 7 may be replaced with step 7A: 

. 7A. Use the estimate of B 0 . B 0 N . and equation (1 7) to estimate the next N transmitted 
data vectors, storing r (N+l) through r(2N). and S(N+ 1) through S(2N) Then 
use equations (22) and (23), summing from n = N + l to n=2N, and equation (15) ,o 
make a new estimate. B$\ of the matrix B 0 . which is then used to estimate the next 
N transmitted data vectors. This step is then repeated every N received data vectors. 
On an even more slowly varying channel the estimate of B 0 can be used to 
estimate P transmitted data vectors, where P is greater than N. The last N of each P 
received vectors and corresponding estimated transmitted data vectors are then stored 
and used to estimate a new B 0 . which is then uscd w ^ next p tran$iniafid ^ 

vectors. In all variations of this method. N itself depends on how fast the channel 
20 changes and the general conditions of the system, including thermal noise. 

FIG. 3 shows a block diagram of an adaptive quad receiver 300 used for 
estimating transmitted data vectors from received vectors to compensate for cross- 
couplmg between circuits. The quad conductors. 1-4. having voltages v, - v, thereon 
respecttvely, terminate in a quad termination 301. Quad termination 301. shown in FIG 
25 2. transforms the received voltages into received signals, r,. r 2 . and r 3 . from the first, 
second, and phantom circuits of the quad, respectively. These received signals are input 
io a processor/detector 302. which detects these signals and processes them in 
accordance with the procedures described hereinabove to calculate estimates of the 
transmitted signals. S S 2 , and S 3 . Both the received sienals and the estimated 
30 transmitted signals axe input , 0 a storage device 303. which stores the N last received and 
esumatcd s.gnals and passes them to the processor for calculation of the covariance 
matrices (22) and (23). During the startup procedure, processor/detector 302 detects the 
rccetved vectors for each of the three known transmitted vectors, as described in the 
sunup procedure detailed above. The initial coupling matrix C and its inverse C"» are 
calculated and stored in storage 303. Receiver 300 then enters the adaptive stt . e and 
actual data ts transmitted over the quad. Processor/detector 302 uses the initiar e stimate 
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of the inverse of the coupling matrix. C" ' . ,o estimate the transmitted data from the 
recetved data. Then, as detailed in the tracking section above, the N received sets of 
signals and the N corresponding estimates of the transmitted signals in storage 303 are 
used by processor 302 to calculate the covariance matrices (22) an d (23). Processor 302 
5 then estimates B 0 N . which is then used to estimate the next transmitted signals fronjthe 
received S ,gnals. As described in the section hereinabove, processor 302 updates it 
est,ma,e of B 0 based on the last N received and estimated transmitted signals afteLch 
set of received signals, after every N sets of received signals, or after ev ery P se J!f 
recetved stgnals. depending upon whether the channel is rapidly changing, moderately 
JU changing, or slowjy changing, respectively. 

A relatively 5 i mp ] e method and system has been described above for 
compensating for coupling between conductors in star-quaded cable. The method and 
system adaptively terminate star-quaded cable to substantially suppress coupling between 
nominal quad modes when there is loose coupling between them. An approximation 
1 5 method is described for estimating the transmitted signal using only information that is 
av^lable at the receiver and is good to second order in .mail quantities when the 
couphng is of first order. Thus, for example, if the coupling between modes is down say 
20 dB. the adaptive termination would suppress it so that it was down about 40 dB ' 

0bvious 'y ™« elaborate adaptation procedures that require the transmission 
of information about received signal levels back to the transmitter, or the use of known 
training sequences, could reduce this error further. 

While the best mode for carrying out the invention has been described in detail 
those farnihar with the an to which this invention relates will recognize various 
alternative designs and embodiments for practicing the invention as defined by the 
25 following claims. 
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1. In a telecommunications transmission system including a cable having at 
least one quad, a method for compensating for coupling be.wccn circuits of the quad the 
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What is claimed is 

1 

2 

3 method comprising the steps of: 
« during a startup period, separately and successively transmitting at a 

5 transmuting end of the cable known signals on each of the circuits of the quad- 

6 measuring at an opposite receiving end of the cable the signals received on 

7 each of the circuits of the quad in response to the separate successive known si-nals- 

8 . est.mat.ng the coupling between circuits of the quad between the traosmitiin- 

9 end and the receiving end of the cable from the measured received signals- 

0 dunng cransmission of data signals from the transmitting end on the circuit 

followmg the startup period, modifying received data signals on the circuits at the 
2 receiving end in accordance with the estimated coupling between circuits to produce 
1J estimated transmitted data signals; 

J4 storing at least one previous received data signal on each circuit and at least 

5 one previous corresponding estimated transmitted data signal on each circuit- 

7 a, a f rCC T, ating C0UPUng bC,WCen drCUkS dUrinS ° f *™ ^ 

a, . func ,n of the stored at least one previous received data signal on each circuit and 

11 "J 1 PrCVi ° US S ^ « «* 

Ti - cou r m ° dify l nS Sim,S rCCeiVCd at receivins cnd ™*™*S *e 

2 couphng , n accordance with the reestimated coupling between circuits 

1 2. The method of claim 1 wherein the step of storing stores N previous 

2 received data signals and N previous corresponding estimated transmitted data signals on 
each crcu,, and the step of .estimating the coupling between circuits deludes the steps 
• esumat ,g a covariancc of received data signals from the stored N previous received 

5 data s.gnals on each circuit, and estimating a covariance of transmitted data signals from 

6 the stored Nprevous estimated transmitted data signals on each circuit 

' 3. The method of claim 1 wherein the step of storing stores N previous 

3 ZZTJ!^ on " cb circuit and N previous correspondin8 esUmated 

3 data s.gnaJs on each c.rcu.t. and the step of reestimating the coupling between circuits 

4 reest imaies ft g ^ , ^ ^ ^ ^ ^ ^.^ 

6 "*T m S, ° rCd N """"^"i emitted data signals on each 

' 4. The method of claim 3 wherein the step of reestimating the coupling 

3 cTrcX C,rCUkS " C0 " linU0US,y PCrf0rmed 3fler re " iVing 3 nCW d3ta ^ » 
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5. The method of claim 3 wherein the step of reestimating the coupling 

2 between circuits is periodically performed after each new N data signals are received on 

3 each circuit. 

) 6. The method of claim 3 wherein thestep of reestimaUng the couplino 

2 between circuits is periodically p^Wd ^ ^ new p data &n ^ 

3 each circujt. where P is greater than N. 

1 7. In a telecommunications transmission system including a cable bavin* at 

- least one quad, a receiver at a receiving end of the cab!e for compensating for coupling 

3 between circuits of the quad, the receiver comprising: 

4 means for receiving and measuring signaJon each of the circuits of the quad 

5 in response to signals transmitted on each of the circuits from a transmitting end of the 

o cable to the receiving end; 

7 means for estimating the coupling between circuits of the quad between the 

8 transmuting end and the receiving end of the cable from signals received and measured 

9 ,n response to separately and successively transmitted known signals on each of the 

10 circuits of the quad during a startup period; 

11 mea*s for modifying received data signals on the circuits in accordance w ith 
2 the escmated coupling between circuits to produce estimated transmitted data signals- 

. . St0ra§C meanS for storin S a < Iwi one previous received data signal on each ' 
4 circuu and at least one previous corresponding esttmated transmitted data signal on each 

15 circuit; and 

16 ■ means forreestimating the coupling between circuits during transmission of 

7 d :a s, g na.s as a function of the stored at .east one previous received data signal on each 
« crcuu and the stored at least one previous corresponding estimated transmit data 

19 signal on each circuit. 

1 8. The receiver in accordance with claim 1 wherein said storage means stores 

; — d r ved 7 sisnais on Mch circui, and n previ ° us co ™^ «*— 

ransrrutted data s.gnals on each circuit, and said means for .estimating t „e coupling 
between circu.ts comprises means for estimating a covariance of received datasLls 
from the stored N previous received data signals on each circuit and for estimating a 

7 IT', lnin f d3ta Signa ' S fr ° m S, ° red N prCVi0US 
' data signals on each circuit. 

1 9. The receiver in accordance with claim 7 wherein said storase 
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6 signals on each circuit. 

1 10. The receiver in accordance with claim 9 wherein said means for 

2 reestimaiing the coupling betw ec „ circuits continuously reestimates the coupling after 

3 receiving a new data signal on each circuit. 
1 1. The receiver in accordance with claim 9 wherein said means for 



. „ -i^iwjti ooiu uic<Uli IQT 

reest.mating the coupling periodically reestimates the coupling after each new N data 

3 signals arc received on each circuit 



12. The receiver in accordance with claim 9 wherein said means for 
reescimating the coupling periodically reestimates the coupling after each new P data 
signals are received on each circuit, where P is greater than N. 
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What is claimed is: 

1 1 In . telecommunications transmission system incjuding a cable providing 

2 .ommumcauons channels and having „ least one quad havjng wo ^ * 

3 Phantom mode, a method for compensating for coupling between said modes of the quad 

4 the method comprising the steps of: "icquaa. 
•5 during a startup period, separately and successively transmitting at a 

6 transmitting end of the cable known signals on each of saidmodes of the quad- 

. . ^"j™* " M ^ 0sit<t recdvi °S °f the cable the signals received on 
each of sam modes of the quad in rcSponse t0 ^ ^ ^ 

esttmaung the coupling between said modes of the quad between the 
transrmmng end and the receiving end of the cable from the measured received signals- 
dunng transmission of data sisals from the transmitting end on the channels' 
followmg the startup period, modifying received data signals on the channels at the 
rece.vmg end of the cable in accordance w ith the estimated coupling between said modes 
14 to produce estimated transmitted data signals; 

storing at least one received data signal on each channel and at least one 
corresponding estimated transmitted data signal on each channel; 

reestimating the coupling between said modes during transmission of data 
signals « a function of the sto^d at least one received data signal on each chan nc , and 



8 
9 
10 
11 
12 
13 



15 
16 
17 
18 
19 



20 and 
21 



*e stored at ]east one corresponding estimated transmitted data signal on each channel; 



22 coup W i m0difb T S ^ *? SiSnalS KCCiVCd ^ rC " iViDg Cnd *" ** 
22 cou pIing » accordance wnh the recstimated coupling between said modes 

2. T ^t°ethodofclaimIwherei a theste P ofs«oringstoresa P luralityN 

cZZt T f DaJS ** N COTO P° ndil * — - signau on each 
harmel. and the step of relating the coupling between said modes includes the steps 
of esamaung acovariance of received dausignals from the stored N received data 

Zd N°L cach !r d - ^ csdmaung a covariance ° f ** «W» fi» ««* 

stored N esomated transmitted data signals on each channel. 

3. The method of claim 1 wherein the step of storing a plurality N received 

data stgnals on each channel and N corresponding estimated transmitted data signals on 
ea ch chjmncl> ^ ^ step of recsUma . ng ^ coupi . ng beween ^ d ^ 

the couphng as a function of the stored N received data signals on each channel and the 
stored N corresponding estimated transmitted data signals on each channel 

4. The method of claim 3 wherein the step of reestimating the coupline 

3 chaLT ^ * PCrf0rmed reCCiVin8 (3) " Ch nCW daU SignaJ on each 
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1 5. The method of claim 3 wherein the step of reestimating the coupling 

2 between said modes is periodically performed after each new N data signals are received 

3 on each channel. 

1 6. The method of claim 3 wherein the step of reestimating the coupling 

2 between said modes is performed after each new plurality P data signals are received 



3 each channel, where P is greater than N. 

1 7. In a telecommunications transmission system including a cable providing 



on 



communicauon channels and having at least one quad having two side modes and one 

3 phantom mode, a compensating system at a receiving end of the cable for compensating 

4 for coupling between said modes of the quad, the compensating system comprising: 

5 means for receiving and measuring signals on each of said modes of the quad 

6 in response to signals transmitted on each of the channels from a transmitting end of the 

7 cable to the receiving end; 

8 means for estimating the coupling between said modes of the quad between the 

9 transmitting end and the receiving end of the cable from signaJs received and measured 

10 m response to separately and successively transmitted known signaJs on each of said 

1 1 modes of the quad during a startup period; 

12 means for modifying received data signals on the channels in accordance with 

13 the estimated coupling between said modes to produce estimated transmitted data 

14 signals: 

15 storage means for storing at least one received data signal-on each channel and 

1 6 at least one corresponding estimated transmitted data signal on each channel; 

17 means for reestimating the coupling between said modes during transmission 

18 of data signals as a function of the stored at least one received data signal on each 

19 channel and the stored at least one corresponding estimated transmitted data signal on 

20 each channel, and 

21 • means for modifying reccival data signals on the channels in accordance with 

22 the reestimated coupling between said modes. 
8. The system in accordance with claim 7 wherein said storage means stores a 



1 

2 plurality < N received data signals on each channel and N correspoVd7n7«dm«ed 
4 



transmitted data signals on each channel, and said means for reestimating the coupling 
between said modes comprises means for estimating a covariar.ee of received data 
signals from the stored N estimated transmitted data signaJs on each channel. 

1 9. The system in accordance with claim 7 wherein said storage means stores N 

2 received data signaJs on each channel and N corresponding estimated transmitted data 
signals on each channel and said means for reestimating the coupling between said 

4 modes rcestimates the coupling as a function of the stored N received data signals on 
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5 

6 

1 

2 

3 

1 

2 

3 

1 

2 



chl?r el ^ Sl ° rcd N ^"P 0 ^ <™»i«ed data signals on each" 

10. The system in accordance with claim 9 wherein said means for 
rc^sumaung the coupling between said modes continuously reestimates the coupling 
after receivmg a new dau signal on each channel. ' 

U. The system in accordance with claim 9 wherein said means for 4 
reesumating the coupling reestimates the coupling after each new N data signalsL 
received on each channel. 

12. The system in accordance with claim 9 wherein said means for 
reesumating the coupling reestimates the coupling after each new plurality P data signals 
are reccved on each channel, where P is greater than N 
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STATEMENT UNDER ARTICLE 19 



The amendments being made to claims 1 through 12 as originally filed clarify the language of the 
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